Abstract. Hepatitis B virus (HBV)-related hepatitis is a major health concern worldwide. As current anti-HBV therapies are limited, it is essential to develop new strategies. Aptamer, a newly developed adaptive molecule (single-strand DNA or RNA also known as nucleotide antibody), is a new strategy for clinical diagnosis and therapy due to its high affinity and specificity. In the present study, by systematic evolution of ligand by exponential enrichment (SELEX), aptamers were screened against the core protein of HBV (HBc) from a random ssDNA library. Quantitative PCR (qPCR) results showed that the binding proportions of the SELEX-enriched aptamer pools were increased with the SELEX rounds, until round seven. Thus, the pool of round seven was cloned. Following the sequence analysis of a total of 90 clones by MACAW software, five aptamer candidates were selected and their affinity to HBc was tested by dot blot. Apt.No.28, which had sequence replicates in the clones, was shown to have a high affinity. Furthermore, by agarose gel electrophoresiscapillary transfer-blotting and qPCR, Apt.No.28 was shown to inhibit the assembly of the nucleocapsid, reducing extracellular HBV DNA whose synthesis relied on the formation of the nucleocapsid, indicating its role in suppressing HBV replication. The results provided a new ideal targeting molecule and may facilitate the strategy for targeted therapy as well as drug development of HBV-related diseases.
Introduction
Hepatitis B, which is caused by hepatitis B virus (HBV), is a key infectious disease and a major health concern worldwide. In China alone, there are 130 million HBV carriers and 30 million liver disease patients, of whom 300 thousand succumb to the disease annually (1) . Vaccines and appropriate immunization strategies have decreased the infectious rate of HBV, especially in young people. However, with regard to the infected and chronic hepatitis B patients, because of drug resistance and side-effects, the curative effects of current anti-HBV therapies (nucleoside analogues and interferons) are still not ideal (2) .
The HBV genome contains the coding regions P, S, C and X. The proteins (antigens) encoded by these regions are key markers for the detection of HBV infection. It is believed that targeting the proteins involved in the life cycle of HBV is an ideal strategy or orientation for the treatment of HBV and related liver diseases (3) . The core protein (HBc) encoded by the C region is crucial in the assembly of the nucleocapsid of HBV, which is composed of 180 or 240 copies of core proteins, and affects its envelopment (4) . Thus, drugs targeting the core protein may effectively inhibit the maturation of HBV, which is the end-point of its complete life cycle (5) . Therefore, focus on the intervention of HBc is essential in the identification of anti-HBV therapy.
As a new class of adaptive molecules, aptamer is a single-strand DNA or RNA screened through the SELEX (systematic evolution of ligands by exponential enrichment) technique that can target a wide range of metallic ions, polypeptides, proteins or even cells (6, 7) . Considered as a nucleic acid antibody, the sensitivity and specificity of aptamer is comparable or even superior to conventional antibodies. The classical example of the application of aptamer is pegaptanib (8, 9) , which is the aptamer targeting vascular endothelial growth factor (VEGF) and used to treat age-related macular degeneration. As the first approved aptamer drug, it has become a milestone in studies on aptamers.
HIV (10) and HCV (11) (12) (13) have been the focus of many antiviral aptamer studies. The most significant came from an in vivo therapeutic attempt of an anti-HIV gp120 aptamer conjugated with siRNA (14, 15) . Concerning HBV, aptamers targeting S protein (16) and the polymerase (17) were also reported. These findings may definitely improve the use of drugs in clinic as well as drug development.
In the present study, we successfully screened a DNA aptamer targeting HBc. To the best of our knowledge, the findings of this study, reported for the first time, hold great prospect in inhibiting the maturation and replication of HBV. Therefore, the aptamer is a potentially useful tool that can be used in the diagnosis of HBV-related diseases and the development of a drug-targeted delivery system (18) .
Materials and methods
Expression and purification of core protein dimers. The core protein sequence was amplified from the plasmid pBS_ HBV3.6II, which was obtained from the Shanghai Medical School, Fudan University and contained complete sequences of HBV genome using the primers: 5'-GCCCATATGGACA TTGACCCGTA-3' and 5'-GCCCTCGAGTCAAACAACAG TAGTTT-3'. The sequence was then cloned into the NdeI/XhoI site of pET28a. The recombinant plasmid pET28a-HBc was transformed into Escherichia coli BL21(DE3) to express the core protein at 32˚C. The plain pET28a was also transformed as a negative control.
Following induction with 1.0 mM IPTG for 4 h, the transformed BL21(DE3) cells were washed and re-suspended in the binding buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0). Ultrasonication was carried out in an ice bath with 2-5 sec of 100 W ultrasound 60-80 times. The supernatant was mixed with half the volume of Ni-NTA Agarose beads (Qiagen) and agitated for 1 h. After being washed by the wash buffer (binding buffer supplemented with 20 mM imidazole) and eluted by the elution buffer (binding buffer supplemented with 250 mM imidazole), the purified proteins were ultrafiltrated to change the solvent from the elution buffer to the binding buffer containing 3 M urea, pH 9.5 (to prevent core protein dimers from autoassembling into nucleocapsids). The proteins were again mixed with half the volume of Ni-NTA Agarose beads and agitated for 30 min at 4˚C. The conjugates (Ni-NTA agarose beads conjugated with core protein dimers or the negative control) were washed and suspended in the binding buffer with the addition of Complete Protease Inhibitor (Roche Diagnostics, Mannheim, Germany) and stored at 4˚C.
SELEX. An ssDNA library (5'-ACGCTCGGATGCCACTA CAGN 40 CTCATGGACGTGCTGGTGAC-3') was synthesized by Sangon Biotech (Shanghai, China). The ssDNA pool (200 pmol) (2.5 nmol ssDNA library was used for the initial round) was dissolved in PBS+Mg (PBS supplemented with 1 mM MgCl 2 ) and was denatured at 95˚C for 8 min and quickly cooled on ice. Negative control conjugates (40 pmol) were washed twice by PBS+Mg and incubated with the ssDNA pool in a total volume of 1,000 µl of PBS+Mg+tRNA (PBS+Mg supplemented with 0.1 mg/ml yeast tRNA) for 30 min at 37˚C, in an orbital shaker. The percolate containing unbound ssDNA sequences was then obtained through ultrafiltration, and was incubated with positive conjugates (consisting of core proteins and also washed with PBS+Mg twice), in an orbital shaker for 30 min at 37˚C. The mixture was ultrafiltrated and the remaining conjugates were washed three times by PBS+Mg to remove unbound ssDNA sequences. The bound sequences were eluted by 10% trypsin (10 min at 37˚C) followed by heating at 95˚C for 10 min and centrifugation at 5,000 rpm for 5 min. The sequences were amplified by PCR using the forward primer (5'-ACGCTCGGATGCCACTA CAG-3') and b io t i n -l a b ele d r eve r s e p r i m e r (5'-GT CAC CAG CACGTCCATGAG-3'). The selected sense DNA strands were separated from the biotinylated antisense strands by alkaline denaturation (0.2 M NaOH) and affinity purification with streptavidin-coated Sepharose beads (GE Healthcare, Uppsala, Sweden). The entire selection procedure was repeated for several rounds according to the extent of enrichment. The enriched pool was amplified by PCR using unlabeled primers and the PCR products were cloned into Escherichia coli DH5a using pMD19 T-vector (Takara Bio Inc., Shiga, Japan) and the positive clones were sequenced and aligned by MACAW software (NIH, Bethesda, MD, USA).
Monitoring the enrichment of aptamer pools. The aptamer pool of each SELEX round was incubated with positive conjugates, ultrafiltrated, washed and eluted as described above. Quantitative PCR (qPCR) reactions (10 µl reaction volume) were carried out using SYBR Premix Ex Taq™ (Takara Bio Inc.) according to the manufacturer's instructions in an Applied Biosystems 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA). The proportion of bound sequences, which indicated the enrichment of the aptamer pool, was calculated as: 2 (Ct of input pool-Ct of elusion) x 100%. 
Isolation and quantification of HBV DNA, HBsAg and HBeAg.
The intracellular HBV DNA was isolated by TRI reagent (Sigma-Aldrich Inc., St. Louis, MO, USA) according to the manufacturer's instructions. The extracellular HBV DNA in culture medium was extracted by the AxyPrep Blood Genomic DNA Miniprep kit (Axygen Biosciences, Union City, CA, USA). Following the extraction, the absorbance at 260/280 nm was measured using a NanoDrop ND-1000 spectrophotometer (Bio-Lab Australia Pty Ltd., Mulgrave, VIC, Australia) and the concentrations were calculated.
HBV DNA was quantified by qPCR as described above, with the primers described by Jun-Bin et al (19) . The amplification program was: pre-denaturation at 95˚C for 30 sec, 40 cycles of 95˚C for 5 sec and 64˚C for 34 sec.
HBsAg and HBeAg in culture medium were determined by using the relative quantitative ELISA kits (Shanghai Kehua Bio-engineering Co., Ltd., Shanghai, China) (20) . In brief, the culture media were diluted to a ratio of 1:6 with PBS and added to plates coated with antibody against HBsAg or HBeAg, respectively. After 30 min of incubation at 37˚C, the plates were washed and incubated with substrate solution A or B, respectively (15 min at 37˚C, protected from light). The reaction was stopped by the termination solution and the optical density (OD) value at 450 nm was measured.
Assay for HBV nucleocapsids. To separate the nucleocapsids based on Calvert and Summers' protocol (21), cell lysates, which were achieved by cell lysis buffer for western blot analysis and IP (Beyotime Institute of Biotechnology, Haimen, China), were loaded onto native 0.8% agarose-Tris-acetate-EDTA (TAE) gel electrophoresis. The bands were blotted onto PVDF membrane overnight at 4˚C by capillary transfer in 10X SSC buffer (1.5M NaCl, 150 mM sodium citrate, pH 7.0). After drying, similar to the general western blot analysis, the membrane was rinsed in TBST containing 5% skim milk to block non-specific sites, followed by three washes in TBST, with agitation for 10 min each. The membrane was then incubated with the antibody against HBc (Santa Cruz Biotechnology, Santa Cruz, Inc., CA, USA) at a dilution of 1:500 in solution 1 of the SignalBoost Immunoreaction Enhancer kit (Merck KGaA, Darmstadt, Germany) for 2 h. It was then washed as described above and incubated with a horseradish peroxidase (HRP) conjugated secondary antibody (Santa Cruz Biotechnology, Inc.) at a dilution of 1:1,000 in solution 2 of the SignalBoost Immunoreaction Enhancer kit for 2 h. After another three washes, it was detected by Immobilon Western Chemiluminescent HRP Substrate (Millipore Corp., Billerica, MA, USA) according to the manufacturer's instructions. The β-actin bands in cell lysates, obtained by general western blot analysis, were used as an internal reference.
Results
An aptamer pool binding to HBc was screened from an ssDNA library. To screen for aptamers against HBc, we performed nine rounds of SELEX with His-tagged HBc as target and His-tagged plain vector as a counter-selector. Enrichment was observed following qPCR of ssDNA pools of all rounds (Fig. 1A) . It was shown that the proportion of bound sequences increased with the proceeding of the SELEX, until round seven. Subsequently, the pools ceased to enrich and were even slightly attenuated, possibly due to amplification bias (22) . Thus, the pool of round seven was expected to contain the ideal aptamer(s) and was subsequently amplified and cloned.
A total of 90 positive clones were sequenced. By analysis in MACAW, most of the clones were subdivided into seven groups, each of which contained a consensus five-letter sequence (Fig. 1B) Fig. 2A and B) . Thus, these two candidates were subjected to the subsequent studies.
We also tested Apt.No.28 in the detection of HBV nucleocapsids from cell lysates of HepG2.2.15 and compared it to the HBc antibody. Both Apt.No.28 and the antibody were feasible in the detection of the nucleocapsids (Fig. 2C) . However, the antibody also strongly stained the protein markers while the aptamer did not stain these markers, suggesting that the aptamer was more specific to HBc and the nucleocapsids.
Apt.No.28 attenuates extracellular HBV DNA but not the secretion of HBV capsids.
In order to investigate whether the candidate aptamers targeting HBc were able to interfere with the replication of HBV, ELISA assay and qPCR were used to quantify the HBV of aptamer-transfected HepG2.2.15. In the ELISA assay, HepG2.215 did not lose the ability of secreting HBV capsids (no decrease in HBsAg or HBeAg) following transfection with Apt.No.28 or No.29 ( Fig. 3A and  B) . However, the alteration was observed on extracellular HBV DNA by qPCR analysis. As shown in Fig. 3C, 24 (Fig. 3D) . These findings indicated that Apt.No.28 was able to inhibit the replication of HBV by suppressing the synthesis of HBV DNA.
Apt.No.28 inhibits the assembly of nucleocapsids.
To study the mechanism involved in the inhibition of HBV replication by Apt.No.28, the total intracellular protein was extracted from HepG2.2.15 cells transfected with Apt.No.28 for 72 h. Using agarose gel electrophoresis, capillary transfer and blotting, it was shown that the nucleocapsids formed by HBc were significantly less in the group treated with Apt.No.28 than those in the group treated with the library (Fig. 4A and B) . These findings indicated that Apt.No.28 inhibited HBV replication by interfering with the assembly of nucleocapsid, which was essential to the synthesis of HBV DNA.
Discussion
Although HBV was identified in 1885 and its basic constructional elements have already been isolated and identified, drugs with high specificity to HBV are under development, due to the easy occurrence of side-effects and drug resistance (23) . Thus, new technologies are required to solve these problems and overcome limitations to HBV. Aptamer is a newly developed adaptive molecule that shows high sensitivity and specificity, while exhibiting no toxicity or immunogenicity (8,24,25) . It becomes more and more prevalent in basic research as well as clinical practice. Thus, it is believed that its use in antiviral research may reveal the propagation, block the infection and inactivate the viability of viruses. The aptamers for HCV and HIV have been developed thus far and are altering antiviral investigations as well as clinical diagnosis and treatments (10, 13) . In particular, the in vivo therapeutic use of a HIV aptamer has been reported in Science Translational Medicine (14) . However, the application of aptamers in anti-HBV research is in the early stages, most probably due to the complexity of HBV. HBc is the major component of the nucleocapsid packaging HBV genome. It is involved in the processes of viral replication and regulation, such as RNA packaging, DNA synthesis, recognition of virus envelope, maturation and budding of virus.
Of note, HBc is capable of assembling the nucleocapsid in a native shape (with 180 or 240 core protein units) automatically, in circumstances lacking all other viral components (26, 27) . Therefore, the control of HBc and the nucleocapsids may be essential to anti-HBV strategies. Thus, we screened DNA aptamers targeting HBc in this study.
There are currently few reports regarding the technology of the expression and purification of HBc. The most common approach is to express HBc as inclusion bodies, which is subsequently purified by a process of wash, denaturation and renaturation (28) (29) (30) . However, the manipulation of inclusion bodies can easily cause the loss of proteins, while renaturation remains a challenge (31) . Thus, when the expression level is relatively low, proteins dissolved in the bacterial cytoplasm are easier to extract with large quantity and good solubility in the supernatant following ultrasonication (32) . Furthermore, since HBc was automatically assembled into the nucleocapsid form while the dimer form was required for aptamer selection, the extracted core proteins were further depolymerized to dimers by the treatment of urea and alkali and bound to the Ni-NTA agarose beads for purification in the present study.
The fact that HBc is automatically assembled to polymers in the neutral pH range makes the protein purification and aptamer selection complicated and limits the methods available for aptamer identification. In this study, dot blot was used to verify the affinity of aptamers. In order to maintain its dimeric form, HBc was also treated with urea and alkali, dotted onto a PVDF membrane, dried and adjusted to a neutral pH range. In contrast to the aptamer studies targeting S protein or the polymerase of HBV, the automatic polymerization of HBc may account for the limitation in the study of its aptamers. Findings of this study may facilitate additional investigations of HBc.
The sequence replication of clones was a typical characteristic of aptamer enrichment. Apt.No.28 and No.29, which had sequence replicates, were shown to have high affinity to HBc, although the possibility could not be excluded that clones with higher affinity and even functional effects were not selected for the present study.
To value the function of candidate aptamers in live cells, we transferred them into HepG2.2.15 cells by transfection reagent to test their inhibitory effect on HBV replication. As the main indices of HBV level, it was identified that HBV capsid (shown by HBsAg and HBeAg) was not inhibited by the aptamer Apt. No.28, whereas extracellular HBV DNA was inhibited by the aptamer Apt.No.28. This finding suggests that the inhibitory effect of Apt.No.28 on HBV replication did not occur during the expression of HBV proteins, but occurred prior to synthesis of HBV DNA reversely transcribed by HBV RNA, which was after and depended on the assembly of the nucleocapsid. By agarose gel electrophoresis, capillary transfer and blotting, we found that the assembly of the nucleocapsid was inhibited by Apt.No.28. Therefore, it was confirmed that the aptamer inhibited the replication of HBV by binding to core protein dimers and inhibiting the assembly of nucleocapsid.
The inhibitory effect of Apt.No.28 was to some extent limited by cell transfection. The transfection reagent used in this study was Hifectin III, which was specific for the transfection of ssDNA. We had also tried a general transfection reagent Lipofectamine 2000 (Invitrogen), but yielded low transfection efficiency. To strengthen the effect of Apt.No.28, a targeted delivery system may be required. A conjugation with an aptamer against hepatocytes is an ideal strategy (e.g., the aptamer against hepatoma HA09) (22).
Previous studies have described peptide aptamers that could specifically bind to HBc (20, 33, 34) . However, considering certain disadvantages of polypeptides and proteins such as instability and immunogenicity, the DNA aptamer we identified, which interfered with HBV replication at the stage of nucleocapsid assembly, was thought to have greater potential in the detection of HBc, and in the treatment of HBV-related diseases.
Nevertheless, additional studies are required to identify the underlying structural basis and molecular mechanism of the recognition and polymerization inhibition of HBc by the aptamer. Studies should also be carried out to examine the potential effects of the aptamer on HBV, such as the anti-HBV effect of modified aptamers in vivo.
